1. Introduction {#sec0005}
===============

Enzymes are used as natural catalysts of life-critical chemical reactions. Which is highly explored in industrial scale for fermentation, food manufacturing, animal nutrition, cosmetics, medicines, textile industry, paper industry, bioethanol production, among others \[[@bib0005],[@bib0010]\]. Costs involving the application of a range of natural catalysts in various bioprocesses is one of the main expenses for industry. As an example, the production of bioethanol where the cost of enzymes has a big impact on the price of the final product \[[@bib0015]\]. Enzymes called cellulases, which are, endo-1,4-β-D-glucanase (EC3.2.1.4), exo-1,4-β-D-glucanase (EC3.2.1.176), exo-1,4 -β-D-glucanase (EC3.2.1.91) and β-glucosidase (EC3.2.1.21) degrade the lignocellulosic material by working synergistically acting on the cellulose polymer and are generally produced by microorganisms \[[@bib0020]\]. β-glucosidases are essential in the cellulolytic system, breaking down cellobiose in glucose monomers and can also work synergistically optimizing the action of other cellulolytic enzymes, increasing the yield of the process, since it avoids the inhibition of other enzymes by accumulated cellobiose \[[@bib0025],[@bib0030]\]. Although cellulases are present in many industrial applications, the high cost of its acquisition makes enzymatic processes costly. In this context, enzyme immobilization leads to more economical methods due to the possibility of reuse of the enzymes. The lignocellulosic components have promising characteristics for their use as raw material in the production of chemical products or fuels because it is renewable, available in abundance in the environment and relatively low cost. \[[@bib0035]\].

Lignin is a limiting factor in the enzymatic saccharification of cellulose, reducing the accessibility of the hydrolytic enzymes to the cellulosic fibers \[[@bib0040],[@bib0045]\]. This process is called unproductive adsorption and occurs through hydrophobicity, electrostatic bonding or hydrogen bonding \[[@bib0050],[@bib0055]\]. However, we can use unproductive adsorption as a positive point, due to the high affinity with biopolymers and to its hydrophobic characteristic that can bind to these enzymes \[[@bib0060]\]. From lignin, a new class of polymers can be obtained, lignocresol \[[@bib0035]\].

Lignocresol (LC) is a cellulosic compound derived from lignin, which appears as an industrial alternative since much of lignin is discarded in industrial processes. LC was developed by Funaoka \[[@bib0065]\], which is synthesized from lignin using the phase separation system, that primarily consists of the use of a concentrated acid and a phenol derivative, p-cresol \[[@bib0060], [@bib0065], [@bib0070], [@bib0075]\]. LC preserves the hydrophobic characteristics of lignin, since, lignin is protected from the action of concentrated sulfuric acid by cresol solvation \[[@bib0065]\]. LC has a high immobilization capacity for enzymes, due to the hydrophobic regions of the molecule; this characteristic is of great economic importance since it can be used for the recycling of enzymes used in bioprocesses \[[@bib0060]\]. The present study reports the synthesis of a suspension of LC to promote enzymatic adsorption between LC and β-glucosidases from *Thermotoga petrophila*, and the development of a LC-enzyme complex, enabling enzyme recycling in bioprocesses.

2. Experimental {#sec0010}
===============

2.1. Cloning, expression and purification of recombinant β-glucosidases {#sec0015}
-----------------------------------------------------------------------

Cloning, expression and purification of the *Thermotoga petrophila* β-glucosidases from families GH1 and GH3, respectively (*Tp*Bgl1) (GenBank: [ABQ46970.1](ncbi-p:ABQ46970.1){#intr0005}) and *Tp*Bgl3 (GenBank: [ABQ46916.1](ncbi-p:ABQ46916.1){#intr0010}) were carried out as described previously \[[@bib0080],[@bib0085]\]. The purity of the final products was checked 15% SDS-PAGE. The concentrations of the recombinant β-glucosidases were determined by UV absorbance at 280 nm using a theoretical extinction coefficient based on the amino acid composition. The extinction coefficients were calculated using the ProtParam tool (<http://web.expasy.org/protparam>). The theoretical coefficients employed were ε~280nm~ = 121,240 M^−1^ cm^−1^ for *Tp*Bgl1 and ε~280nm~ = 102,930 M^−1^ cm^−1^ for *Tp*Bgl3. The final purified products were then frozen and stored at −80 °C and were melted on ice before use.

2.2. LC preparation {#sec0020}
-------------------

LC was synthesized from a standard Indulin AT lignin (kindly provided by MeadWestvaco Corporation), extracted from the residual liquor resulting from the Kraft pulping process of *Pinus* spp. The methodology performed to synthesis, called phase separation, was adapted from Funaoka \[[@bib0075]\]. For LC synthesis, a total of 20 mL of 72% sulfuric acid was added to 1 *g* of lignin with 10 mL of p-cresol. The mixture was stirred vigorously for one hour at room temperature; following centrifugation for 20 min at room temperature (4000 rpm). The supernatant was dropwise into 200 mL of cold ethyl ether under vigorous stirring. The aqueous precipitate formed was recovered by centrifugation at 5 °C (3500 rpm) for 20 min and the supernatant discarded. The LC was extracted with 80 mL of acetone and volume was reduced to 10 mL at a rotary evaporator. Afterwards, all volume was dropped in 200 mL of cold ethyl ether under vigorous stirring and centrifuged for 20 min at room temperature (3500 rpm). The supernatant was discarded, and the LC pellet was oven dried at the stove (50 °C for 12 h).

2.3. Adsorption of the β-glucosidases onto LC {#sec0025}
---------------------------------------------

The adsorptions assays were carried out by determining β-glucosidases concentrations after incubation with *Pinus* spp. LC or unmodified lignin (LG). The reaction was done in a range of concentration of 0.06--1.6 and 0.2--0.5 mg/mL, respectively to *Tp*Bgl1 and *Tp*Bgl3, in 50 mM sodium citrate buffer (pH 6.0 for *Tp*Bgl1 and pH 4.0 for *Tp*Bgl3). According to Cota *et. al.* \[[@bib0080]\], *Tp*Bgl1 has an optimum activity within the pH range of 6--7, whereas *Tp*BGL3 has optimum activity around pH 4.0. The adsorption experiments were conducted according to Nonaka *et. al*. \[[@bib0090]\]. LC and LG suspensions were performed with 50 mM sodium citrate buffer (pH 6.0 for interaction with *Tp*Bgl1 and pH 4.0 for interaction with *Tp*Bgl3) in a microtube by ultrasonication (Sharp UT-205S, 200 W) to achieve a final interaction concentration of 10 mg/mL. Enzymatic dilutions were then mixed to the LC, and LG suspensions and samples were could for 20 min in stir and then centrifuged for 15 min at 5 °C (10,000 rpm). According to Nonaka et al. \[[@bib0090]\] in the previous study, cellulase adsorption reaches equilibrium in 10 min.

The amount of enzyme adsorbed on LC or LG was calculated by subtracting the amount of enzyme remaining in the supernatant from the total amount of β-glucosidases added and then converted to adsorptive capacity in percentage. The residual enzyme concentration in the supernatant after centrifugation was measured by the Bradford method \[[@bib0095]\].

2.4. Adsorption of β-glucosidases in LC in a glucose-rich medium {#sec0030}
----------------------------------------------------------------

The adsorption assays simulating a medium in the presence of hydrolysates were done with a complex LC-enzymes. The final concentration of the enzymes *Tp*Bgl1 and *Tp*Bgl3 in the complex was 0.2 mg/mL. The experiments were done as described in the section [2.3](#sec0025){ref-type="sec"} with the addition of a glucose + CMC solution in different concentrations (4 mg/mL glucose + 0,1% CMC, 10x diluted). The residual enzyme concentration in the supernatant after centrifugation was measured by Bradford method \[[@bib0095]\].

2.5. β-Glucosidases activity after complex formation {#sec0035}
----------------------------------------------------

After enzyme adsorption on LC, the supernatant was carefully removed using a pipette. The enzymatic assay for β-glucosidase activity adsorbed on LC was carried, the pellet was mixed with 50 μl of buffer solution adjusted at different pH values (pH 6 for *Tp*Bgl1 and pH 4 for *Tp*Bgl3) were used and 250 μL of 2 mM 4-nitrophenyl- β-D-glucopyranoside (pNPG) was used as substrate. Following incubation at 50◦C during 15 min, the reaction was stopped by addition of 1000 μL of 1 M Na~2~CO~3~ and the releasing of p-nitrophenol was monitored colorimetrically at 410 nm using a microplate reader. One enzyme unit is defined as the amount of enzyme releasing 1 mmol of p-nitrophenol per min under the specific condition.

2.6. Electrophoretic light scattering (ELS) {#sec0040}
-------------------------------------------

Electrophoretic light scattering (ELS) measurements were used to determine the average zeta potential (ζ) of the LC and LG, which were collected using a Zetasiser Nano-ZS at 20 °C \[[@bib0100],[@bib0105]\]. In this study, the zeta potential was measured for LC and LG preparations (at 20 °C) in 20 mM acetate--borate--phosphate buffer adjusted to the different pH values. This instrument measures the electrophoretic mobility (μe) and converts the value to a ζ potential (mV) through Henry's equation: μe = \[2εζF(κa)\]/3η, where ε is the dielectric constant of water and η is the viscosity. Furthermore, F(κa) is the Henry's function, which was calculated through the Smoluchowski approximation F(κa) = 1.5. The isoelectric point is given by the pH value at which the zeta potential is approximately zero. Knowledge of the electrophoretic mobility enables one to calculate the average number of charges per molecule (N~c~) from the Lorenz-- Stokes relationship $Nc\, = \frac{\, 6\pi\eta\, e}{e}\, R_{s}\mu_{e}$, where μe is expressed in μm cm s^−1^V^−1^ and the value in the denominator corresponds to the elementary charge (e = 1.602 × 10^−19^ C) \[[@bib0100],[@bib0105]\].

3. Results and discussion {#sec0045}
=========================

3.1. Adsorption of LC and LG with *Tp*Bgl1 and *Tp*Bgl3 {#sec0050}
-------------------------------------------------------

The results obtained between adsorption of LC and LG with *Tp*Bgl1 and *Tp*Bgl3 can be confirmed due to the absence of the enzyme in the supernatant at some concentration points. [Fig. 1](#fig0005){ref-type="fig"} shows that LC has a higher adsorption capacity than LG. The best adsorption point (LC suspension at 10 mg/mL) was observed for *Tp*Bgl1 and *Tp*Bgl3 at initial enzyme concentrations below 0.3 and 0.4 mg/mL, respectively ([Fig. 1](#fig0005){ref-type="fig"}). The existence of a better point in the adsorptive capacity can be explained by the large surface area of LC molecule.Fig. 1Evaluating the adsorptive capacity of lignocresol and lignin to *Tp*Bgl1 and *Tp*Bgl3. LC-Lignocresol, LG- Lignin.Fig. 1

LC when adsorb to the β-glucosidases, is entirely occupied by the enzymes, thus preventing adsorption from new enzymatic charges if added. This discussion is effective since the LC suspension concentration was maintained at approximately 10 mg/mL throughout the interaction time. In summary, 1 g of LC from *Pinus* spp. could adsorb at maximum 40 mg of *Tp*Bgl1 and 30 mg of *Tp*Bgl3 in solution.

Lower adsorption of LG was expected for both enzymes since the synthesized LC is subjected to the phase separation system \[[@bib0110]\]. According to Funaoka \[[@bib0065],[@bib0070]\], this methodology allows physical-chemical modifications of the LG, leading to an increase of phenolic hydroxyl in its composition, which results in very hydrophobic LC polymers. Thus, it is assumed that such modifications help in the adsorption moment with the enzymes, possibly by the contribution to the surface hydrophobic characteristic to the polymer \[[@bib0115]\].

In a study of LC from softwood and from hardwood in interaction with an enzymatic cocktail, showed that the adsorption capacity of LC from Eucalyptus (softwood) was lower than that of Hinoki (hardwood), probably because LC of Eucalyptus is more hydrophilic due to the lower molecular weight and linear structure with more phenolic hydroxyl groups \[[@bib0120]\].

3.2. Influence of pH on the β-glucosidases adsorption to LC and LG {#sec0055}
------------------------------------------------------------------

ELS (Electrophoretic Light Scattering) measurements were conducted to determine the average zeta-potential (ζ) of the LG and LC samples. The ELS ([Fig. 2](#fig0010){ref-type="fig"}) shows that LC exhibits more negative potential-zeta values than LG. Da Silva et al. \[[@bib0125]\] found the same results in unmodified sugarcane and eucalyptus lignins; both were negative in the pHs observed in our work. In the same study, the authors report the surface charge of β-glucosidases (*Tp*Bgl1 e *Tp*Bgl3) is affected by the pH. At pH 7 and 6, both β-glucosidases acquire very similar negative charges, while at pH 4 the β-glucosidases acquire a positive charge. Therefore, considering that electrostatic characteristics influence the interactions between the polymers and the enzymes, and not only by surface hydrophobicity as discussed previously. [Fig. 1](#fig0005){ref-type="fig"} shows that at a certain point LG has higher adsorption than LC on *Tp*Bgl3, which can be explained by the pH that the assays were performed. At pH 4, LG and LC show the same zeta potential and charge, as observed in [Fig. 2](#fig0010){ref-type="fig"}. However, *Tp*Bgl1 has higher negative zeta potential on LC than LG at pH 6 ([Fig. 2](#fig0010){ref-type="fig"}), indicating that the adsorption of *Tp*Bgl1 on LG and LC is highly different. As previously reported by Da Silva et al. \[[@bib0125]\], the zeta potential of *Tp*Bgl1 and *Tp*Bgl3 at pH 4 was positive and at pH 6 was negative, confirming the difference of adsorption. These results imply that the strength of enzyme interaction toward LG or LC is highly dependent of pH value and substrate surface charges.Fig. 2Zeta- Potential of lignocresol (LC) and lignin (LG) as a function of pH.Fig. 2

It can be noted that the adsorption of *Tp*Bgl3 to LC (40 mg/g) is higher compared to *Tp*Bgl1. This could be related by comparing the size of both enzymes, in which *Tp*Bgl3 has larger surface area than *Tp*Bgl1. Additionally, *Tp*Bgl3 has the fibronectin-like domain (FnIII) \[[@bib0125]\], which its role on substrate adsorption is not completely elucidated \[[@bib0130],[@bib0135]\]. This domain can be related to recognition of small substrates and in the binding of large polymers \[[@bib0130],[@bib0135]\]. Da Silva et al. \[[@bib0125]\] showed that this domain at pH 4, possibly acquires positive charges and adsorption may be explained mostly by electrostatic interactions between the lignin preparations used at experiments with *Tp*Bgl3. This is an indicative that this additional area in *Tp*Bgl3 the may contribute to the hydrophobic surface interaction between enzyme and LC better than *Tp*Bgl1. Studies with FnIII from *Aspergillus niger*'s β-glucosidase *An*Bgl1 show that this domain is essential for anchoring the enzyme to the lignin matrix. Although there is no specificity in the complexation between FnIII and lignin. In addition, in FnIII domain exist important lignin dimers binding sites forming a hydrophobic cage by aromatic residues and arginines \[[@bib0110]\]. In this way, the data shown in this paper are consistent with previous model of how β- glucosidases adsorb in the LC where electrostatic and hydrophobic interactions contribute to the adsorption mechanism.

3.3. Influence of a glucose-rich medium on the β-glucosidases-LC adsorption {#sec0060}
---------------------------------------------------------------------------

The adsorption of β-glucosidases to LC with different concentrations of glucose was analyzed to determine if hydrolysis products would affect the LC adsorption mechanism. The choice for glucose concentrations was based on our enzyme hydrolysate studies (data not shown). [Fig. 3](#fig0015){ref-type="fig"} shows that the adsorption of the enzymes is not affected by the presence of glucose in the medium.Fig. 3Evaluating the adsorptive capacity of lignocresol and to *Tp*Bgl1 and *Tp*Bgl3 in presence of glucose + CMC.Fig. 3

Maurer et al. \[[@bib0140]\] show that glucose does not compete with the enzymes for the active binding sites present on the surface of the cellulosic substrates, consequently, not interfering in the adsorption of the enzymes. In our studies, we showed that the same occurs for LC.

3.4. Enzymatic activity from β-glucosidases onto LC {#sec0065}
---------------------------------------------------

After the adsorption of β-glucosidases onto LC, was determined the enzymatic activity of LC-enzymes complex ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4Effect of adsorption effect on the enzymatic activity of β-glucosidases.Fig. 4

LC-*Tp*Bgl1 complex maintains relatively activity: about 20% of the enzymatic activity of the free enzyme. This data suggests that *Tp*Bgl1 does not entirely lose function and enzymatic activity when immobilized. On the other hand, *Tp*Bgl3 completely loses functionality. This total loss of activity may be explained by the stable binding of *Tp*Bgl3 to LC by the hydrophobic and electrostatic interactions as shown in our results.

Possibly in *Tp*Bgl1 occurs detachment of these enzymes from de complex with LC when mixed in the buffer due to their weaker interaction. Nonaka *et.al.,* \[[@bib0145]\] in previous studies reports that a small release of cellulase from LC when the complex is mixed in the fresh acetate buffer. But the author affirms that enzymatic activity is estimated using LC-cellulase complex rather than the cellulase detached from the solution \[[@bib0145]\]. Previous studies with filter paper hydrolysis of cellulases adsorbed onto LC, show that the enzymatic activity was approximately 30% and 45% (softwood and hardwood LC respectively) compared to free native cellulase. However, when enzymes are immobilized their physical and chemical properties may change, effects on stability, kinetic properties and specificity beyond enzyme productivity should be considered \[[@bib0150]\]. There are differences in the behavior of the immobilized enzyme as to its native form, and are the following factors: conformational modification of the enzyme molecule due to the alteration in the tertiary structure of the active site; stereochemical effects - a portion of the enzyme molecule is immobilized at a position such that the active site is relatively inaccessible; mass transfer effects - arise from the diffusion resistance of the substrate to the catalytic site of the enzyme, and from the reaction product; microenvironmental effects - resulting from the immobilization method used or from the presence and nature (hydrophobic or hydrophilic) of the carrier in the vicinity of the enzyme \[[@bib0150]\]. These factors may influence the properties of the immobilized enzyme that acquire new kinetic properties, leading to a different body than expected. The enzymatic activity of the complex is low, but even so, the LC is efficient in enzymatic immobilization. However, further studies of enzyme activity will be evaluated in our future studies.

4. Conclusion {#sec0070}
=============

In conclusion, the data showed that β-glucosidases could adsorbent onto LC through different mechanisms such as by hydrophobic and electrostatic interactions. The glucose in the reaction medium do not interfere the adsorption of the enzymes to LC. *Tp*Bgl1 bound to LC maintains a residual enzymatic activity. In this way, LC demonstrates a great potential for enzymatic recovery and recycling. However, it still necessary efforts to increase enzyme activity after the adsorption onto LC. These studies can be useful in the field of plant structural polysaccharides conversion into bioenergy.

Declaration of interests {#sec0075}
========================

The authors declare the following financial interests/personal relationships which may be considered as potential competing interests.

FAPESP 2017/17275-3 and CNPq 305740/2017-2. We thank Alex Basseto, Dra Mariana Barbosa and Dra. Ariane Rozza for their help in this work.
